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Abstract

Transmission electron microscopy observations have been performed on icosahedral Al-Pd—Mn quasi-crystal samples deformed
at 20 °C under a high confining pressure. They reveal a large density of wavy walls from which several climbing dislocations are
emitted. Near-screw dislocations have been found at the wall terminations with a Burgers vector contained in the wall plane. Careful
plane determinations and dislocation analyses are not consistent with a glide and cross-slip mechanism. The results can be better
interpreted as a deformation by cracks in mode III followed by a re-healing process.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Since the demonstration has been done that disloca-
tions are responsible for the plasticity of icosahedral
quasi-crystals [1], many transmission electron micros-
copy (TEM) observations have been performed on Al-
Pd—Mn single-grains after (post-mortem [2]), and during
(in situ [3,4]) deformation. From these and further ex-
periments, the idea had rapidly emerged that disloca-
tions move essentially by glide, their motion being
controlled by the crossing of clusters or the Peierls po-
tential [5,6]. However, no clear experimental evidence of
such a motion has been put forward as Burgers vectors
and planes of motion could not be determined simul-
taneously. Climb was later on also considered but only
as a restoration mode taking place at high temperature
[7].

The idea that climb could be the dominant mode of
motion came out recently from observations of the as-
grown material [§-10], of deformed samples at 300 °C
under a high confining pressure [11], and from in situ
experiments [12]. In those experiments, planes of motion
and Burgers vectors have been determined indepen-
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dently, as a result only evidence of climb could be ob-
tained. Under such conditions, the question has been
raised whether glide is also possible, especially at very
low temperature, where climb is a priori of disadvantage
with respect to glide. In particular, Texier et al. [13]
claim that plastic deformation of Al-Pd—Mn at room
temperature under a high confining pressure generates
pile-ups of dislocations moving by glide. To estimate the
contribution of glide to low temperature plasticity, new
experiments have been carried out in AI-Pd—Mn single-
grains deformed at room temperature, under confining
pressure. The experimental procedure is described first.
Then, the results of TEM observations are analysed and
discussed.

2. Experimental

A cylindrical sample of an AlyPd)4Mng s single-
grain (3 mm diameter, 3 mm height) has been deformed
along the [0/1, 0/0, 1/0] ! 5-fold direction in a multianvil
apparatus at the “Laboratoire Magmas et Volcans” in
Clermont-Ferrand. The specimen has been compressed
at room temperature in a high pressure cell designed to
generate high differential compressive stress, probably of

! In the notation of Cahn et al. [14].
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Fig. 1. General overview of samples deformed at 20 °C: (a) three-dimensional network of non-planar walls (W) concentrating a high density of
defects. A void (V) at the intersection of two walls (W,, W3) is enlarged in (b); (c) emission of dislocations (d) trailing phason faults (PF) by a wall

(Wy).

the order of several 100 MPa. A pressure of 5 GPa is
first raised and maintained during 2 h, before a slow
decompression over 14 h. After a total deformation of a
few percent, the specimen is still cylindrical. Slices have
been cut 45° away from the (0/1, 0/0, 1/0) 5-fold plane
perpendicular to the compression axis labelled C in the
following. Samples were then thinned by conventional
ion milling under cooling. They have been observed in a
JEOL 2010 HC electron microscope operating at
200 kV, under two beam conditions, using the usual
t-related diffraction vectors [20,32] and [52,84] ? along
2-fold directions, noted gy;y) and gy ), and the usual
strong reflection [18,29] along the 5-fold direction, noted
gs. Large-angle convergent beam electron diffraction
(LACBED) analyses have been carried out in a Phillips
CM 30 operating at 300 kV in nanoprobe mode (for
details see [10]).

3. Observations and interpretation
3.1. General observations

Fig. 1 shows the general features of samples deformed
at 20 °C. Walls containing a high density of defects can
be seen (Fig. 1(a)). They exhibit complex contrasts in-
dicating that they contain high strain and stress con-
centrations. They are usually slightly non-planar, as
indicated by their wavy traces at the surfaces, but close
to 2-fold planes. For instance, the wall noted W; and
seen edge-on in Fig. 1(a) deviates significantly from a
2-fold plane trace (dashed line). Misorientations across
the walls are smaller than 1°. As shown in Fig. 1(a),
walls are interconnected and form three-dimensional
structures. Fig. 1(b) is an enlargement of the inset in
Fig. 1(a) showing a void (V) at an intersection of two
walls noted W, and W3. Fig. 1(c) shows a few disloca-
tions, noted d, emitted from the wall noted W4, and

2 [N, M] is related to the modulus of the corresponding diffraction
vector of the six-dimensional lattice, i.e., GZ = N + Mt with 7 the
golden mean.

trailing the characteristic fringe pattern of phason faults
(noted PF). These dislocations are not very frequently
observed. They are described in the following section.

3.2. Dislocation emission

Several dislocations emitted by walls have been ob-
served and analysed. Fig. 3 shows one of them trailing a
phason fault under various contrast conditions in a
sample sliced 45° away from the (0/1, 0/0, 1/0) 5-fold
plane perpendicular to the compression axis. All the
following notations refer to the stereographic projection
of Fig. 2. Rules of contrast have been established for
perfect dislocations by Wollgarten et al. [15] and speci-
fied for imperfect dislocations and phason faults by
Mompiou et al. [11]. In the latter case, the Burgers
vector of the dislocation is completely defined by its
Burgers vector in the physical space (b//), and the cor-
responding phason fault is defined by its displacement
vector r/; = b/, as a stacking fault in a crystal. Phason

Fig. 2. Stereographic projection of the deformed sample. C refers
to the compression axis; 7 and 7’ are the tilt axes used in TEM
observations.
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Fig. 3. Contrast analysis of an imperfect dislocation emitted by a wall. The dislocation and the fringes are out of contrast in (a) and (b). Only fringes
are visible in (c) and (d). The outer fringes (dark or bright) are labelled by arrows.

faults exhibit a classical fringe pattern in inclined planes.
Extinction conditions for the dislocation and the fault,
which correspond to the condition g,,-b,, =0, have
been obtained with g,, and gs, (Fig. 3(a) and (b)). The
fringes of the fault are visible in all other situations. This
unambiguously shows that b, is parallel to the 2-fold
direction perpendicular to g,, and gs,, noted by in
Fig. 2. Additional information can be obtained consid-
ering that the dislocation exhibits a single contrast in gs,
and gyq) (Fig. 3(e) and (f), respectively). As shown in
Table 1, the Burgers vector is most probably by, =
[1/1,2/1,3/2], of length by, = 0.183 nm. The very faint
dislocation contrast with gg, and gs4 (Fig. 3(c) and (d))
corresponds to the “pseudo-weak” extinction described
by Mompiou et al. [11]. From its trace direction (tr. Pa)
and the variation of its apparent width as a function of
tilt angle, the phason fault plane P4 is found parallel to
the (1/1, 0/1, 1/0) 2-fold plane perpendicular to the di-
rection of the Burgers vector (Fig. 2). Thus, the dislo-
cation has moved in this plane by pure climb.

3.3. Dislocations at wall terminations

When the walls are sufficiently close to the foil plane,
dislocations are clearly seen at their terminations, and
their contrast can be analysed. Farther, only broad
contrasts and moiré-type contrasts can be seen which
cannot be interpreted easily. Fig. 4 shows a complete
analysis of the first 10 dislocations at a wall end. The
dislocations are close to each other and no phason fault
can be seen between them. All dislocations exhibit the
same contrast and thus have the same Burgers vector.
Extinction conditions have been obtained with g,, and
gs, (Fig. 4(a) and (b), respectively). Single contrasts can
be observed with g5 and gs. (Fig. 4(c) and (d)) and
double contrasts (arrowheads) can be observed with,
2(2) and gyq2) (Fig. 4(e) and (f)). This leads to a 2-fold
Burgers  vector bg;, = [1/0,1/1,2/1] of length
bg/; = 0.296 nm (Table 2). The wall plane seems to be
slightly wavy because its apparent width is not constant
and because it does not end at the foil surface along

Table 1

Contrast conditions for dislocations with a Burgers vector by, = [1/1,2/1,3/2]
g g g, bay G- By Fig. 3 Contrast
Sra(t) 1/2, 1/1, 2/3 0 0 E
202) 2/3, 172, 3/5 0 0 (a) E
8sa 0/0, 1/2, 2/3 0 0 (b) E
s 2/3, 0/0, 12 0.44 0 (c) PWE
84 0/0, 1/2, 2/3 —-0.44 0 ()] PWE
8se 112, 2/3, 0/0 -0.72 -1 (e) S
(1) 0/0, 0/0, 2/4 0.26 1 ) S

S — single contrast, E — extinction, PWE — pseudo weak extinction.
G - B, would be the phase shift if retiling was possible.
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Fig. 4. Contrast analysis of the first ten dislocations at a wall termination. Double contrast conditions are observed in (e) and (f) (arrowheads).

Table 2
Contrast condition for dislocation with a Burgers vector bg;, = [1/0,1/1,2/1]
2 g/ g, bgy, G- Bg Fig. 4 Contrast
(1) 12, 1/1, 2/3 0 0 (a) E
£2a(2) 2/3, 1/2, 3/5 0 0 E
g 000, 172, 2/3 0 0 (b) E
., 213, 000, 172 0.72 1 © S
g 172, 2/3, 0/0 “1.17 -1 ) S
&2¢(2) 3/5, 213, 12 2.34 2 (e D
B2 305,213, 112 1.89 2 ® D

S — single contrast, E — extinction, D — double contrast.

rectilinear directions. However, average trace directions
and apparent widths as a function of the tilt angle cor-
respond to the (1/0, 1/1, 0/1) 2-fold plane which contains
the Burgers vector (see Fig. 2). Since the dislocations are
in average parallel to the dense pseudo 2-fold direction
ug (Fig. 2), they have near-screw character.

3.4. LACBED analysis

Far away from the head, the contrast of the walls
cannot be interpreted easily. However, the LACBED
technique provides additional information. In Fig. 5(a),
a wall (W) is seen edge-on along the direction marked by
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Fig. 5. Results of LACBED experiments: (a) edge-on wall, W; (b) corresponding shift of the Bragg’s lines in a direction parallel to the wall plane.

a dashed line. A phason fault (PF) emerges from it as a made of three distinct planes noted P;, P, and P;, with

result of the emission of a dislocation. Fig. 5(b) shows respective traces tr. Py, tr. P, and tr. P;. The apparent
that the Bragg lines are shifted when they cross the wall widths of Pj, P, and P; have been measured as a function
and that the shift between corresponding intersecting of tilt angle in four different imaging conditions (Fig.
points of Bragg lines (dashed arrows) is constant. This 6(a)—(d)). The widths are plotted in Fig. 7(a) as a func-
shift is directly related to the rotation across the two half tion of the tilt angle and fitted with the curves corre-
parts of the wall. Since it is parallel to the trace of the sponding to the planes shown in Fig. 7(b) and going
wall, the rotation has taken place in the wall plane, through tr. Py, tr. P, and tr. P5. The error bars on the direc-
namely around a direction perpendicular to the wall. In tions of the three plane normals (ny, ny, n3) correspond

other words, the wall is like a twist boundary.

—
D
~

3.5. Evaluation of possible cross-slip activity

This section is based on the description of a long wall
almost contained in the foil plane, shown in Fig. 6. It
contains a high density of dislocations and exhibits a
variable apparent width corresponding to a variable foil
thickness. It is non-planar and can be considered as

apparent width (a.u)
0
N

-30 -20 -10 0 10 20 30 40

Fig. 6. Analysis of a wavy wall containing a large dislocation density.

Dashed lines indicate the traces of its three different habit planes (P}, P, Fig. 7. (a) Variation of the apparent width of planes P;, P, and P; as a
and P;). White arrows indicate the apparent widths of P;, P, and P; function of x-tilt angle around the tilt direction 7. Curves going
under different tilt angles. through experimental points correspond to the planes shown in (b).
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to the uncertainty of the width measurements. P; is al-
most parallel to the (1/0, 1/1, 0/1) 2-fold plane, P; to the
(1/1, 0/1, 1/0) 2-fold one and P, has an intermediate
position. The three planes intersect approximately along
a direction noted d which is not a dense direction. The
dislocations have been tentatively studied by contrast
analysis. Although a clear Burgers vector determination
was not possible, it appears that several different Burg-
ers vectors are present in the three planes. Indeed, the
number and the aspect of visible dislocations are clearly
different from one imaging condition to another one.
Comparing the density of visible dislocations in the
planes P;, P» and under the four imaging conditions
(Fig. 6(a)—(d)) shows that the dislocations have at least
two different Burgers vectors. For instance, a lower
density of dislocations is observed with gs, compared to
gs. (Fig. 6(a) and (c), respectively) while all the dislo-
cations are out of contrast in gs, (Fig. 6(d)). This sug-
gests that at least one Burgers vector is along the
direction perpendicular to gs, and gs,, noted b, different
from d (see Fig. 7(b)). Then, even if each part of the wall
could be formed by a glide process, the wavy aspect of
the whole structure cannot be explained by glide and
cross-slip because cross-slip would require that all
Burgers vectors are contained in all planes of motion.

4. Discussion

The observation of dislocation motion by climb at
room temperature is surprising considering that the
corresponding diffusion rate must be extremely small.
However, mechanical tests revealed that the activation
energy decreases substantially with increasing stresses
[16]. At low temperature, but under the huge stresses
due to strain incompatibilities under high confining
pressure, the activation energy may thus be significantly
lower than at high temperature, and still allows for some
climb motion. The possible origin of the decrease in
activation energy with increasing stress will be discussed
in an other article.

Samples deformed at 300 °C exhibit the same com-
mon features, i.e., the presence of deformation walls
from which individual dislocations have been emitted by
climb, although a larger density of climbing dislocations
has been observed [11].

Observations of dislocations at wall terminations,
with Burgers vectors parallel to the wall planes, confirm
the previous investigation of Texier et al. [13]. However,
contrary to those authors, we do not conclude that they
result from a glide mechanism, because the inspection of
wavy walls has shown that they cannot be formed by a
glide plus cross-slip mechanism. Wall formation can be
interpreted in a more coherent way by a crack and
healing mechanism. Deformation occurs first by non-
planar cracking followed by a re-healing assisted by the

hydrostatic pressure. In the situation described here,
cracks are produced principally in mode III, i.e., by a
rotation around a direction located at the crack tip and
perpendicular to the crack plane. This conclusion is
consistent with: (i) the results of LACBED experiments,
and (ii) an accommodation by screw dislocations at the
crack head (note that a second family of screw disloca-
tions would be necessary to form a twist boundary with
no long-range stress).

Similar observations have been made in silicon wafers
bonded after a relative rotation perpendicular to the in-
terface plane [17]. Cracking and re-healing has also been
observed in indented silicon [18,19] and in sapphire
where dislocation networks and moiré contrasts have
been found near arrested crack tips [20]. Dislocation
networks have also been observed in scratched sapphire
submitted to impulse loading by Wiederhorn et al. [21]
and interpreted as the result of spontaneous crack heal-
ing. In the present observations, voids at the junctions
between two walls support the idea of a crack process
with imperfect re-healing where high strain incompati-
bilities occur. The fact that the microstructure far from
the crack tip is more and more complex can be inter-
preted by considering that crack surfaces are not planar.
Then, after rotation, the two surfaces of the cracks do
not match perfectly, especially away from the crack
head, which induces strong local strains and associated
stresses. Too high stresses can however relax by emission
of climbing dislocations trailing phason faults. Close to
the crack head, on the contrary, the two surfaces can be
more perfectly sealed and rotation can be accommodated
by screw dislocations. A single-grain of Al-Pd-Mn
quasi-crystal indented at low temperature by Wollgarten
et al. [22] shows a poly grained microstructure which
exhibits similar features: bending contours and disloca-
tions originating from numerous cracks. The authors
interpreted their results as grain boundary sliding, but
indicated that cold welding may participate to connect
cracks. Cross-sectional observations of diamond scrat-
ches in icosahedral Al-Pd-Mn also showed the presence
of partially connected cracks beneath the scratch [23].

Another point that must be discussed is the absence
of phason faults in the wake of dislocations at the head
of the crack. This feature is not easily observed in our
experiments, but it appears clearly in those of Texier
et al. [13]. As a fringe contrast should be observed in
case of a glide (or climb) mechanism, its absence con-
firms that the walls originate from another process. This
can be explained assuming that only a part of the rela-
tive rotation between the two lips is accommodated by
dislocations. Then, in contrast to what occurs in case of
a glide or climb mechanism, the displacement vector
across the plane of the cut would not be uniform be-
tween adjacent dislocations. This would result in a
complex variation of the phase shift which could not
yield the usual fringe contrast.
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5. Conclusions

TEM observations of samples deformed at room
temperature have yielded the following results:

e The deformation results from the formation of a net-
work of non-planar walls. Walls exhibit a complex
contrast in general and a dislocation-like contrast at
their terminations. They emit climbing dislocations.

e The observation of climb at such a low temperature
shows that the corresponding activation energy must
decrease substantially with increasing stress.

e The geometry of walls and the nature of dislocations
at their terminations are inconsistent with a forma-
tion by a glide and cross-slip mechanism.

e Walls are proposed to be the result of a deformation
by crack and subsequent re-healing assisted by the
hydrostatic pressure. Re-healing results in the forma-
tion of the observed dislocations.
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